Background: The efficacy of radiotherapy for glioma is often limited by the radioresistance of glioma cells. The radiosensitizing effects of silver nanoparticles (AgNPs) on glioma were found in the previous studies of our group. In order to enhance the radiosensitivity of tumor cells and selectively kill them while reducing the side effects of irradiation therapy, targeted modification of AgNPs is urgently needed. Materials and methods: In the present study, AgNPs functionalized with polyethylene glycol (PEG) and aptamer As1411 (AsNPs) were synthesized and subsequently characterized by transmission electron microscopy, ultraviolet-visible spectroscopy and Fourier transform infrared spectroscopy. Then the targeting property of AsNPs was evaluated by dark-field imaging, confocal microscopy and in vivo imaging. Both colony formation assay and glioma-bearing mouse model were employed to study the radiosensitizing effect of AsNPs. Results: The characterization results revealed a spherical shape of AgNPs with an average diameter of 18 nm and the successful construction of AsNPs. AsNPs were confirmed to specifically target C6 glioma cells, but not normal human microvascular endothelial cells. Moreover, AsNPs could not only internalize into tumor cells, but also penetrate into the core of tumor spheroids. In vitro experiments showed that AsNPs exhibited a better radiosensitizing effect than AgNPs and PEGylated AgNPs (PNPs), inducing a higher rate of apoptotic cell death. In vivo imaging demonstrated that Cy5-AsNPs preferentially accumulated at the tumor site, and the ratio of fluorescence intensity of Cy5-AsNPs to that of Cy5-PNPs reached the maximum at 6 h post-systemic administration. Furthermore, the combination of AsNPs with irradiation significantly prolonged the median survival time of C6 glioma-bearing mice. Conclusion: Our results indicated that AsNPs could be an effective nano-radiosensitizer for glioma targeting treatment.
Introduction
Malignant gliomas are common and aggressive primary cerebral tumors with significant mortality. 1, 2 Current treatment options for diagnosed patients are multimodal, including surgical resection, radiotherapy and chemotherapy. However, the heterogeneous and highly infiltrative nature of malignant glioma makes complete surgical resection almost impossible. 3 Radiotherapy is a standard adjuvant treatment and shows a survival benefit for glioma patients, but its therapeutic efficacy is often limited due to the radioresistance of glioma cells. 4, 5 Furthermore, the conventional radiotherapy is poorly selective for tumor cells that usually induces a series of radioactive damages to the surrounding normal tissues. 6 Therefore, it is still a challenge to enhance radiosensitivity of glioma cells and reduce the side effects of irradiation.
With the remarkable advancements of nanotechnology, several types of metal or metal oxide nanomaterials have been developed to enhance the anticancer efficacy of radiotherapy. Among these nanomaterials, silver nanoparticles (AgNPs) and gold nanoparticles have attracted particular attention owing to their excellent radiosensitizing properties. [7] [8] [9] [10] Our previous studies confirmed the radiosensitizing potential of AgNPs on glioma cells in vitro and in vivo, which was much more efficient than that of gold nanoparticles at the same molar and mass concentrations. 7, [11] [12] [13] However, the application of AgNPs in radiotherapy is restricted because of the following limitations: 1) the unmodified AgNPs have poor selectivity for tumor cells, which triggers some side effects; and 2) the stereotactic administration of AgNPs inevitably causes physical damage to the brain and heterogeneous distribution of the nanoparticles in tumors. To address these issues, we have been attempting to develop modified AgNPs for targeting glioma via systemic administration.
Ligand-mediated active targeting plays a crucial role in the targeted delivery system. Owing to the immunogenicity and competitive nature of endogenous ligands, 14 exogenous ligands, such as aptamers and peptides, have emerged as attractive novel targeting agents. 15, 16 Aptamers are synthesized single-strand DNA or RNA oligonucleotides by an in vitro selection and amplification method called SELEX, and are designed to identify the specific molecular targets, such as nucleic acids and proteins, and even cells with high specificity and selectivity. As1411 is a G-rich DNA aptamer that can be exploited for cancer diagnosis and treatment. It exhibits high binding affinity to nucleolin, a protein overexpressed on the plasma membrane of cancer cells but not on that of normal cells. 17, 18 The aim of the present study was to construct AgNPs functionalized with polyethylene glycol (PEG) and As1411 (AsNPs), and assess their tumor-targeting property and radiosensitizing effect both in vitro and in vivo. Our results will provide an important basis for the potential application of AsNPs as an effective nano-radiosensitizer for the targeted treatment of glioma.
Materials and Methods Materials
As1411 (sequence: 5′-GGTGGTGGTGGTTGTGGTGGTG GTGG-3′, 5′-(CH 2 ) 6 -NH 2 ) was synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were ordered from Gibco (Carlsbad, CA, USA). Polyvinylpyrrolidone (PVP, K30), 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT), Annexin V-FITC/PI Apoptosis Detection Kit, 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI), 1,1′-dioctadecyl-3,3,3′,3′tetramethylindodicarbocyanine (DiD), fluorescein isothiocyanate (FITC), dimethyl sulfoxide (DMSO), N-hydroxysuccinimide (NHS) and N-(3-dimethylaminopropyl)-N′-ethyl carbodiimide hydrochloride (EDC) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Thiol-terminated monomethoxy polyethylene glycol (HS-PEG-OMe, MW = 2000 Da) and thiol-terminated carboxyl polyethylene glycol (HS-PEG-COOH, MW = 2000 Da) were custom synthesized by JenKem Technology Company (Beijing, China). C6 glioma cell line was obtained from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). Human microvascular endothelial cells (HMEC-1) were purchased from the American Type Culture Collection (Manassas, VA, USA). BALB/c nude mice (female, 16-18 g) were obtained from the Comparative Medicine Center of Yangzhou University (Yangzhou, China) and maintained under standard housing conditions. The Ethics Committee of Southeast University approved the experiments, and the animals were cared for according to the protocols evaluated and approved by the committee.
Synthesis of AsNPs
The PVP coated AgNPs were prepared by electrochemical synthesis method which has been reported previously. 19 Firstly, two silver rods were polished and installed on the cover of the electrolytic reactor. Then, PVP solution (5 mg/mL) was pumped into the electrolytic reactor continuously at the flow velocity of 60 mL/h, meanwhile a voltage of 10 V was applied to the silver electrodes. The reaction temperature was 60°C and the polarity of the anode and cathode was exchanged every minute. Finally, the AgNPs solution was collected by centrifugation at 18,000 rpm for 40 min and stored at 4°C.
For the As1411 conjugation, HS-PEG-COOH and HS-PEG-OMe were mixed in a molar proportion of 1:19 and reacted with AgNPs for 12 h in the dark. The HS-PEG was conjugated to the surface of AgNPs and the PEGylated AgNPs (PNPs) were obtained. Subsequently, the carboxyl units of PNPs were activated using EDC and NHS in pH 6.0 2-(N-morpholino)ethanesulfonic acid (MES) buffer for 4 h. The MES buffer was then replaced by phosphatebuffered saline (PBS, pH 7.4), As1411 was added into the PNPs suspension and the resulting mixture was stirred for 24 h in the dark. Next, the mixture was transferred to dialysis bags (MWCO: 20 kDa) and dialyzed for 48 h to remove the residual PEG and As1411. Eventually, AsNPs solution was collected by centrifugation and stored at 4°C for further experiments.
Characterization of AsNPs
The morphology and size of AgNPs were observed by transmission electron microscopy (TEM; JEM-2000EX, Hitachi, Tokyo, Japan), and the mean size was determined by counting over 200 particles in representative TEM images. The hydrodynamic sizes and zeta potentials of AgNPs, PNPs and AsNPs were measured by dynamic light scattering (DLS; Nano ZS, Malvern Instruments, Malvern, UK). The successful construction of AsNPs was verified by ultraviolet-visible (UV-vis) spectroscopy (UV-3600, Shimadzu, Japan) and Fourier transform infrared (FTIR) spectroscopy (Nicolet iS50, Thermo Scientific, MA, USA). The final concentration of silver in aqueous solution was measured by inductively coupled plasma mass spectrometry (ICP-MS; 7500a, Agilent, CA, USA).
Cell Culture and Proliferation Assay
C6 cells were cultured in DMEM medium supplemented with 10% FBS and penicillin-streptomycin (100 U/mL) in a 5% CO 2 humidified chamber at 37°C.
The nanoparticle-induced cytotoxicity was analyzed by MTT assay. Briefly, C6 cells (10 3 cells/100 μL) were seeded in 96-well plates and cultured for 24 h. After exposure to AgNPs, PNPs or AsNPs with different concentrations (0, 15, 30, 60, 120 and 240 μg/mL) for 24 h, the cells were washed three times with PBS to remove the extra nanoparticles. After that, the medium was replaced by a mixture of DMEM medium (80 μL) and MTT (20 μL, 5 mg/mL), and the cells were incubated for a further 4 h. The DMEM/MTT mixture was then removed and 150 μL DMSO was added to each well to fully dissolve the formed formazan crystals. Finally, the absorbance of each well at 570 nm was measured using a Multiskan FC microplate photometer (Thermo Scientific, MA, USA). The experiments were performed in triplicate, and the half maximal inhibitory concentration (IC 50 ) was calculated using GraphPad Prism software (version 8.0, GraphPad Software, Inc., USA).
Cellular Uptake of AsNPs
C6 cells were seeded in 24-well plates with round coverslips at the density of 2×10 4 cells per well. The next day, C6 cells were incubated with medium containing 30 μg/mL AgNPs, PNPs or AsNPs for different time periods (0.5, 1.5, 3, 6, 12, 24 or 48 h). After incubation, the cells were washed three times with PBS and fixed with 4% paraformaldehyde. Finally, the cells were observed using a dark-field microscope (Eclipse E200, Nikon, Tokyo, Japan).
Evaluation the Targeting Property of AsNPs in vitro
Since nucleolin is a protein overexpressed on the plasma membrane of tumor cells but not on that of normal cells, it was expected that the AsNPs could be specifically recognized by tumor cells. The selectivity of AsNPs for C6 tumor cells over normal HMEC-1 cells was confirmed by darkfield microscopy and confocal laser scanning microscopy. C6 and HMEC-1 cells (2×10 4 per well) were seeded and cultured overnight in 24-well plates with round coverslips. Then the cells were incubated with or without 30 μg/mL AsNPs for 12 h and directly visualized by dark-field microscopy after washing three times with PBS. While the cells, stained with DiD fluorescent dye for 20 min and then counterstained with 0.5 mg/mL DAPI for 5 min, were examined by confocal laser scanning microscopy (CLSM; FluoView FV1000, Olympus, Hamburg, Germany) to determine the intracellular localization of AsNPs.
Evaluation of Tumor Spheroid Penetration
A C6 glioma spheroid model was established as previously. 20 In brief, C6 cells (2×10 3 per well) were seeded in 48-well plates coated with 2% low-meltingtemperature agarose (150 μL). Three-dimensional tumor spheroids were obtained after seven days of growth and treated with or without 50 μg/mL FITC-loaded PNPs or FITC-loaded AsNPs. After 6 h or 12 h of incubation, the tumor spheroids were rinsed three times with PBS and fixed with 4% paraformaldehyde for 15 min. At last, the spheroids were transferred to glass slides and covered with an anti-fluorescence quenching agent. The fluorescence intensity was observed by CLSM using an excitation wavelength of 488 nm.
Irradiation Treatment
For the irradiation groups, C6 cells were washed three times with PBS after exposure to nanoparticles for 24 h and irradiated with 6 megavolt (MV) X-rays at a dose rate of 200 cGy/min. At the same time, control cells were removed from the incubator without irradiation exposure.
Clonogenic Survival Assay
The antiproliferative efficacy of the combination of AsNPs and irradiation was evaluated by colony formation assay. C6 cells were seeded in 6-well plates at a density of 10 4 cells per well and incubated overnight. Then cells were divided into the following groups: control, AgNPs, PNPs, AsNPs and their corresponding irradiation treatment groups. AgNPs, PNPs or AsNPs were mixed with cell culture medium and added to each well at the same concentration (30 μg/mL). After 12 h, the solution was replaced with fresh culture medium. Irradiation groups were irradiated at the doses of 2, 4, 6 and 8 Gy, respectively. After that, C6 cells were trypsinized, counted and seeded (500 cells) in 6-well plates. Following incubation for 7 days, C6 cells were fixed and stained with Giemsa staining, and the colonies containing more than 50 cells were counted. The cell survival curve was fitted according to the multitarget single-hit model and the sensitization enhancement ratio (SER) was calculated.
Cell Apoptosis
The apoptosis-inducing capabilities of AgNPs, PNPs or AsNPs with or without irradiation were assessed by Annexin V-FITC/PI apoptosis detection assay. Briefly, following the treatment as described earlier, irradiation groups received a single dose of 6 Gy X-ray irradiation. Twenty-four hours later, C6 cells were collected and washed three times with PBS, and then resuspended in 200 μL binding buffer at the concentration of 10 6 cells/mL. Next, 5 μL Annexin V-FITC and 10 μL PI were consecutively added into the above binding buffer, and the cells were incubated for 20 min at room temperature. Finally, samples were immediately measured using flow cytometry (NovoCyte, ACEA, CA, USA).
In vivo Imaging
To investigate the distribution of AsNPs in vivo, Cy5-labeled PNPs and Cy5-labeled AsNPs were prepared and injected into the glioma-bearing mice via the tail vein, respectively. BALB/c nude mice were anesthetized with 0.4% sodium pentobarbital and individually placed in a stereotaxic apparatus (RWD Life Science, Shenzhen, China). C6 cells (10 6 cells in 5 μL PBS) were injected into the right striatum (2 mm lateral and 0.5 mm anterior to the bregma, 3 mm depth from the dura) at a rate of 1 μL/min. After that, the needle was left in place for 5 min and then slowly withdrawn. The skin closure of surgical incision was closed with sutures, and the animals were returned to animal room. Nine days after tumor cells implantation, the mice were intravenously administered Cy5-labeled PNPs or Cy5-labeled AsNPs at a dose of 10 mg/ kg. The glioma-bearing mice were anesthetized with isoflurane and imaged under an in vivo imaging system (Night OWL II LB983, Berthold Technologies, Bad Wildbad, Germany) at predetermined time intervals. Forty-eight hours after administration of the nanoparticles, the mice were sacrificed and the brain fluorescence intensity was detected. The fluorescence intensity ratio of Cy5-labeled AsNPs to PNPs at tumor site was calculated.
In vivo Antiglioma Effect of AsNPs Plus Irradiation
The nude mice bearing brain glioma were obtained as described above. Nine days after tumor implantation, the mice were randomly divided into eight groups and systemically administered 150 μL saline or nanomaterial solution at a dose of 10 mg/kg (eight mice per group): saline, AgNPs, PNPs, AsNPs, irradiation, AgNPs + irradiation, PNPs + irradiation, and AsNPs + irradiation. Six hours after injection, the mice in irradiation groups were anesthetized and irradiated by 6 MV X-ray beams (6 Gy per mouse). After the treatment, the animals were observed daily for any changes in clinical appearance and the times of death were recorded to calculate the median survival time (MST).
Statistical Analysis
All obtained data were presented as the mean ± standard deviation (SD). The paired Student's t-test was used for statistical analysis of clonogenic assay. The survival analysis was done using the Kaplan-Meier survival curve and the log rank test. Remaining data were analyzed by one-way ANOVA test. A P value of less than 0.05 was considered significantly different.
Results and Discussion Preparation and Characterization of AsNPs
The preparation process of AsNPs includes three major steps, as illustrated in Figure 1A . In the first step, the PVP coated AgNPs were synthesized. Subsequently, HS-PEG was conjugated with AgNPs through silver-thiol interaction and the PNPs were obtained. Finally, As1411 was conjugated to the surface of PNPs via the reaction of amino and carboxyl and the AsNPs were constructed. TEM images showed that AgNPs were generally spherical and well dispersed, with an average diameter of 18.82 ± 2.10 nm ( Figure 1B and C) .
The UV-vis spectra of AgNPs, PNPs and AsNPs all exhibited a strong surface plasmon absorption peak at approximately 408 nm ( Figure 1D ), which is in accordance with the characteristic absorption band of AgNPs. After functionalization with PEG and As1411, a slight red shift (from 408 to 414 nm) of the surface plasmon band was observed, and the characteristic absorption peak of the aptamer emerged at about 260 nm, indicating the successful construction of AsNPs. The FTIR spectrum of AsNPs contained strong absorption peaks at 2851, 1375 and 1100 cm -1 ( Figure 1E ), corresponding to the CH 2 stretching, CH 2 bending and C-O-C stretching vibrations in PEG molecules, which was right in line with previous studies. 21 In addition, two bands were observed at 1649 and 1411 cm -1 , corresponding to the C=C stretching and C-N bending vibrations of the amide bonds in the As1411 moiety. The FTIR results further confirmed the conjugation of PEG and As1411 on the surfaces of AgNPs.
DLS is a useful technique to evaluate the size and other characteristics of nanomaterials in solution. 22 The results of hydrodynamic diameters and zeta potentials of AgNPs, PNPs and AsNPs in distilled water are shown in Table 1 . The hydrodynamic diameter of AgNPs was larger than the average diameter obtained from the TEM images due to the thickness of the hydration shell. Then it significantly decreased following conjugation with PEG, because PEG could increase the water solubility of nanoparticles. 23 Besides, the negative charge of As1411 lowered the zeta potential of AsNPs and made them much more stable owing to the increased electrostatic repulsion.
Cytotoxicity of AsNPs
For biomedical application of nanoparticles, it is essential to evaluate their cytotoxic potential. 24 The cytotoxic effects induced by different surface modified AgNPs on C6 cells were evaluated by MTT assay. The AgNPs, PNPs and AsNPs with different concentrations ranging from 15 to 240 μg/mL exhibited increased cytotoxicity in a dosedependent manner after incubation for 24 h (Figure 2 ), but they had little effect on the viability of normal cells ( Figure S1 ). The antiproliferative IC 50 values of AgNPs, PNPs and AsNPs in C6 glioma cell line were 300, 569 and 462 μg/mL, respectively. In the subsequent experiments involving cells, a concentration of 30 μg/mL (1/10 IC 50 value of AgNPs) was used, because at this concentration the nanoparticles possessed potential radiosensitizing activity without significant cytotoxicity.
Due to their diversified surface modifications, nanoparticles exert distinct physicochemical properties and cytotoxicities. 25 In the efforts to develop safe and efficient nanomaterials, PEG, a nonionic hydrophilic polymer, has been widely used because of its excellent characteristics. For instance, PEG can greatly improve the water solubility and decrease the cytotoxicity of nanoparticles. 26 Moreover, the reactive groups of PEG are beneficial to the modification of nanomaterials. 27 In the present study, PEGylated AgNPs demonstrated lower cytotoxicity than PVP coated AgNPs.
In vitro Cellular Uptake and Tumor Spheroid Penetration of AsNPs
The amount of internalized nanoparticles is essential for inducing damage to tumor cells. 28 In the current study, dark-field imaging was employed to evaluate the cellular uptake of AgNPs, PNPs and AsNPs by C6 glioma cells. Only weak outlines of the cells in the dark background could be observed in control group, whereas bright spots corresponding to the nanoparticles were clearly visualized in the nanoparticles treated groups ( Figure 3A) . A certain amount of AgNPs was found in C6 cells even though the incubation time was prolonged to 48 h. However, the amount of intracellular PNPs was significantly increased and reached the peak level at 12 h incubation time, and then it slightly decreased with time. The time to reach the peak level was the same in AsNPs treated group, but the amount of internalized nanoparticles was much higher and maintained at the peak level up to 48 h compared with that of PNPs treated group. ICP-MS was also performed to quantitatively analyse the amount of internalized nanoparticles, and the results were consistent with that of dark-field imaging ( Figure S2 ). These data indicated that the surface modifications with PEG and As1411 could effectively enhance the endocytosis of AgNPs into tumor cells. Effective penetration of nanoparticles into solid tumors is a major challenge in cancer therapy. 29, 30 Three-dimensional tumor spheroid could mimic the in vivo status of solid tumors. 31 Thus, we studied the tumor penetration of AsNPs in a C6 glioma spheroid model using CLSM. The fluorescence spectrophotometry results demonstrated that the fluorescence spectra of FITC-PNPs and FITC-AsNPs were in consistent with the excitation wavelength of FITC ( Figure 3B ), indicating the successful conjugation of FITC on the surfaces of PNPs and AsNPs. The CLSM results showed that the longer incubation times could facilitate the penetration of these nanoparticles. It is worthy to note that, AsNPs could be internalized into the core of spheroid while PNPs only distributed at the growing edge of tumor spheroid ( Figure 3C ), suggesting that As1411 effectively increased the tumor penetration of the nanoparticles.
Tumor-Targeting Property of AsNPs
In order to evaluate the tumor-targeting property of AsNPs, both in vitro and in vivo experiments were performed in this study. At the cellular level, two methods were utilized to assess the targeting ability of AsNPs to glioma cells. The dark-field images showed that the amount of internalized AsNPs in C6 tumor cells was significantly higher than that in normal HMEC-1 cells ( Figure 4A ), which was further verified by ICP-MS ( Figure S3 ). In the latter ones, AsNPs were mainly localized around the plasma membrane and rarely appeared in the cytoplasm. Subsequently, CLSM was performed to observe the exact location of AsNPs within the cells. It could be seen that AsNPs were predominantly localized in the cytoplasm of C6 glioma cells, but in non-malignant HMEC-1 cells, they were mostly distributed outside of the cell or located in the plasma membrane ( Figure 4B) . The difference in AsNPs uptake between C6 glioma cells and HMEC-1 cells is related to the amount of cell surface nucleolin. As a multi-domain protein, nucleolin is continuously expressed on the surface of tumor cells but not on that of normal cells. Its arginine-glycineglycine domain specifically binds to the G-quadruplex of As1411 and thereby mediates the internalization of As1411 modified nanoparticles in a calcium-dependent manner. [32] [33] [34] Taken together, the results presented above indicated that the AsNPs were efficiently and selectively internalized by C6 tumor cells but not by nonmalignant cells. The specific targeting ability of radiosensitizing agents is beneficial for recognizing the targeted tumor cells while minimizing the dose of radiotherapy and side effects on normal cells. 35 The in vivo tumor-targeting property of AsNPs was examined via in vivo imaging. Cy5-PNPs or Cy5-AsNPs were systemically administered to nude mice bearing intracranial glioma, and then these mice were imaged at different time intervals. The results showed that Cy5-PNPs spread throughout the whole body along with the blood circulation and were quickly cleared out from the body.
The fluorescence signal of Cy5-PNPs in the tumor region was weakened gradually with time. However, the change pattern of fluorescence signal of Cy5-AsNPs in the tumor area was different from that of Cy5-PNPs. The ratio of fluorescence intensity of Cy5-AsNPs to that of Cy5-PNPs reached the maximum at 6 h post-injection (approximately 2.2) ( Figure 5A and C) . Furthermore, the ex vivo imaging of their brains showed strong accumulation of Cy5-AsNPs at the tumor site, while Cy5-PNPs were completely cleared out from the brain ( Figure 5B ). These results indicate that the in vivo tumor-targeting ability of the AgNPs functionalized with PEG and As1411 was superior to that of the AgNPs modified only with PEG.
PEGylated nanoparticles can reduce the interaction with serum proteins and increase circulation time in blood, which allow them to passively accumulate within the tumor interstitium via the enhanced permeability and retention (EPR) effect. 36, 37 Moreover, active targeting facilitates the selective uptake of nanoparticles by the tumor cells. 38 Although the relative contribution of EPR effect and active targeting to the targeting efficiency of nanosized materials to the tumor tissues has not been clearly clarified, 39 our study showed it varied with time. Benefiting from both the EPR effect and active targeting, AsNPs could selectively and effectively accumulate at the tumor site.
Radiosensitizing Effect of AsNPs
The radiosensitizing efficacies of AgNPs, PNPs and AsNPs on glioma were observed and compared at both cellular and animal levels. Colony formation assay can reflect the long-term proliferative potential of cancer cells following radiotherapy and is therefore considered to be the gold standard for measuring cellular radiosensitivity in vitro. 40 The radiosensitizing effects of AgNPs, PNPs and AsNPs on C6 glioma cells were evaluated by this method and the results are presented in Figure 6 . The surviving fractions decreased rapidly with increasing doses of X-rays, and there was a significant difference between the curves, indicating that all three kinds of materials have abilities to enhance the irradiation effect in glioma cells. The corresponding SER values were 1.22, 1.31 and 1.62, respectively, suggesting that the rank of radiosensitizing abilities from high to low is AsNPs, PNPs, AgNPs. These findings were again proved by the short-term (MTT) assay ( Figure 2) . The better radiosensitizing activity of AsNPs may be due to their higher intracellular accumulation, since the radiosensitization effects are directly related to the amount of intracellular radiosensitizers. 41, 42 In the in vivo radiosensitization experiment, radiotherapy was performed at 6 h after systemic administration of AgNPs, PNPs or AsNPs, and the survival times of the glioma-bearing mice were obtained and analyzed. The Kaplan-Meier survival curves are presented in Figure 7 . The MSTs of the mice treated with saline, AgNPs, PNPs or AsNPs alone were 18, 19, 20 and 22 days, respectively. There was no significant difference among these four groups in terms of MSTs, indicating that both the targeted AgNPs and non-targeted AgNPs had no obvious antitumor effect at this concentration. However, the mice treated with saline, AgNPs, PNPs or AsNPs plus irradiation therapy exhibited a significant increase in MSTs to 24, 30, 35 and 45 days, respectively. The MSTs were statistically different between PNPs plus Figure 6 Effects of AgNPs, PNPs and AsNPs plus irradiation on colony formation of C6 cells. Notes: Data are shown as the mean ± SD (n = 3). Abbreviations: AgNPs, silver nanoparticles; PNPs, PEGylated silver nanoparticles; AsNPs, PEG-and As1411-functionalized silver nanoparticles; SD, standard deviation; n, number.
Figure 7
Kaplan-Meier survival curves for C6 glioma-bearing mice following intravenous administration of saline, AgNPs, PNPs or AsNPs with or without irradiation. Notes: Nine days after tumor implantation, the mice were systemically administered 150 μL saline or nanomaterial solution at a dose of 10 mg/kg (eight mice per group). Six hours after injection, the mice in irradiation groups were irradiated by 6 MV X-ray beams (6 Gy per mouse). IR in the figure is an abbreviation for irradiation. Abbreviations: AgNPs, silver nanoparticles; PNPs, PEGylated silver nanoparticles; AsNPs, PEG-and As1411-functionalized silver nanoparticles; μL, microliter; mg, milligram; kg, kilogram; MV, megavolt; Gy, gray.
irradiation, AsNPs plus irradiation and irradiation control groups. The data of our in vivo antitumor experiment confirmed our in vitro results. Furthermore, there was no evidence of systemic toxicity in these animals, as judged by body weight, behavior of the mice and histological examination of major organs (data not shown). It is well known that the radiosensitizing effect of nanoparticles strongly depends on the energy of irradiating X-ray beam. 43, 44 A number of experimental researches have indicated that, compared to MV radiotherapy, much higher dose enhancement values can be obtained in the case of lowenergy kilovoltage radiotherapy, 45, 46 which is predominantly used for superficial cancer. High-energy MV X-ray beams (10 MV and higher) are believed to be suitable to treat deeplying tumors, owing to their superior penetration power and skin sparing. 47 However, they demonstrate lower dose enhancement compared with the 4 and 6 MV X-ray beams as predicted by Monte Carlo simulation. 48 Therefore, in the present study, we evaluated and determined the efficacy of 6 MV irradiation plus PEG-and As1411-modified AgNPs for the treatment of brain glioma.
Proapoptotic Effect of AsNPs Combined with Irradiation
Previous studies have suggested the induction of apoptosis as a potential radiosensitizing mechanism of nanosized materials. 49, 50 In the current study, the apoptotic response of C6 cells to AgNPs, PNPs or AsNPs with or without 6 Gy X-ray irradiation was assessed by Annexin V-FITC/PI assay. In the non-irradiation groups, the percentages of apoptotic or necrotic cells were not strikingly different among the four groups ( Figure 8A and B ). When combined with irradiation, AgNPs, PNPs and AsNPs demonstrated a statistical difference in apoptotic changes as compared with irradiation control. The apoptosis rate of C6 cells induced by AsNPs plus irradiation was significantly higher than that of AgNPs or PNPs combined with irradiation. However, no significant change in the percentage of necrotic cells was observed in the radiotherapy groups ( Figure 8C and D) . Based on the results, it can be inferred that apoptosis, but not necrosis, was related to the cell death induced by AgNPs, PNPs or AsNPs plus irradiation, and the better radiosensitizing effect of AsNPs might be attributed to, at least in part, the higher cellular apoptosis level.
Conclusion
The aim of the present study was to construct AgNPs functionalized with PEG and As1411 (AsNPs), and evaluate their targeting property and radiosensitizing effect on glioma. It was found that AsNPs could not only be specifically uptaken by tumor cells but also effectively accumulated at the tumor site. The SER value of AsNPs was much higher than that of AgNPs and PNPs, which might be attributed to the increased apoptosis level. Furthermore, the systemic administration of AsNPs in combination with irradiation significantly prolonged the MST of C6 gliomabearing mice. These findings have important implications for the application of AsNPs in targeted radiotherapy of brain tumors and other cancers.
